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3. 

Abstract . 

This  report  presents  the  results  of  open  water  tests  and  observation 
of  the  cavitation  characteristics  of  systematic  series  of  flow 
decelerating  type  of  nozzles  (or  pump jets).  The  tested  nozzle  shapes 
have  been  derived  theoretically.  The  results  of  these  theoretical 
calculations  and  of  the  experiments,  are  presented  in  a  non- 
dimensional  form  in  graphs  and  tables. 

A  discussion  of  the  results  is  given. 
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1.  Introduction* 

Important  parameters  for  the  design  of  the  nozzle  of  a  ducted 
propeller  are  (see  also  Big.  1): 

the  thrust  coefficient*  CT  =  T//j&/c> Vea  %D2 
the  propeller  thrust  -  total  thrust  ratio* 

and  further  the  nozzle  length  -  diameter  ratio  L/D  ,  the  thickness; 
distribution  and  maximum  thickness  of  the  nozzle  profile  s/|_  * 
the  percentage  of  nozzle  length  in  front  of  the  propeller  * 
and  the  hub-diameter  ratio  * 

The  ducted  propeller  with  the  accelerating  flow  type  of  nozzle 
has  been  tested  extensively  in  the  past  and  is  now  frequently 
used  in  cases  where  the  ship  screw  is  heavily  loaded.  A  positive 
thrust  is  developed  on  the  accelerating  nozzle  (  Z  < 1  ) .  For  heavy 
screw  loads  (  Cj>  2-3)  fth  accelerating  nozzle  can  improve  the 
efficiency  of  the  propulsion  system. 

The  application  of  the  flow  decelerating  nozzle  may  be  attractive 
if  retardation  of  propeller  cavitation  phenomena  is  desired.  This 
retardation  of  propeller  cavitation  will  also  lead  to  a  reduction 
in  nois*^  level  which  may  be  of  importance  for  tactical  reasons. 

The  reduction  of  the  flow  rate  inside  the  decelerating  type  of 
nozzle j  results  in  an  increment  of  the  static  pressure  at  the 
impeller.  This  increment  is  attractive  from  a  point  of  view  of 
retardation  of  screw  cavitation.  The  duct  itself.,  however-  will 
produce  a  negative  thrust  (  T-^1  ),  In  order  to  compensate  for 
this  thrust  loss  (induced  nozzle  drag)*  the  screw  loading  must  be 
increased.  An  improvement  of  cavitation  properties  of  the  screw 
will  therefore  only  be  obtained  if  the  gain  in  static  pressure  at 
least  compensates  the  unfavourable  effect  of  the  increased  screw 
loading. 
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The  present  report  presents  the  results  of  investigations  into 
suitable  nozzle  shapes  for  flow  decelerating  nozzles.  These 
investigations  are  a  continuation  of  the  investigation  which 
has  been  carried  out  under  the  Bureau  of  Ship’s,  General 
Hydrodynamic  Research  Program,  S-R009-01-01,  administered  by 
the  Naval  Ship  Research  and  Development  Center,  contract  number 
N  62558-3960  and  which  covered  the  following  details  (seo  also 
Ref.  [l]  ): 

-  Development  of  a  simplified  method  for  the  calculation  of 
nozzle  shapes  based  on  vortex  theory.  The  effect  of  a  finite 
hub  and  the  thickness  of  the  nozzle  profile  was  taken  into 
account. 

-  Selection  of  three  nozzle  shapes  with  the  aid  of  the  above 
theory,  each  designed  for  operating  at  the  same  thrust 
coefficient  Cj  (CT*Q0.95)t  but  for  different  propeller 
thrust-total  thrust  ratios  (I*  so  1.00;  1.15  and  1.30/* 
Measurements  in  the  cavitation  tunnel  were  performed  with 
these  nozzles. 

-  Investigation  of  the  validity  of  the  approximate  method  for 
the  calculation  of  the  nozzle  propeller  performance  by  a 
comparison  with  the  results  of  the  measurements  in  the 
cavitation  tunnel. 

The  present  report  gives  the  results  (if  the  calculations  of 
suitable  nozzle  shapes  for  flow  decelerating  nozzles  in  a  more 
detailed  way  . 

A  number  of  nozzle  shapes  with  the  following  variation  of  the 
design  parameters  have  been  manufactured  and  tested: 
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Nozzle 

No. 

Ct 

L 

l/d 

Vi 

s/l 

Vd 

30 

0.95 

1.00 

0.6 

0.5 

0.15 

0.20 

31 

0.95 

1.15 

0.6 

0.5 

0.15 

0.20 

32 

0.95 

l^o 

0.6 

0.5 

0.15 

0.20 

33 

1.00 

1.20 

0.6 

0.5 

0.15 

,  0.20 

34 

1.00 

1.20 

0.6 

0.5 

0.09 

0.20 

35 

1.00 

1.20 

0^ 

0.5 

0.10 

0.20 

36 

1.00 

1.20 

1.2 

0.5 

0.075 

0.20 

o 


The  experiments  with  these  nozzles  in  combination  with  a  screw 
series  designed  for  nozzle  no.  31  ,  were  carried  out  both  in  the  , 
towing  tank  and  in  the  cavitation  tunnel.  The  results  of  the  open 
water  tests  (with  all  nozzles  shapes)  and  of  the  flow  observations 
in  the  cavitation  tunnel  (with  nozzles  nos.  53  and  36)  are  shown 
graphically  in  non-dimensional  form.  A  discussion  of  the  results 
is  given. 

2.  Method  for  the  calculation  of  systematic  nozzle  series. 

A  simplified  method  has  been  used,  based  on  vortex  theory,  to 
enable  the  calculation  of  the  nozzle  propeller  characteristics 
of  systematic  series  of  nozzle  shapes.  The  calculations  were 
baaed  bn  the  assumption  that  the  forward  velocity  of  the  ducted 
propeller  system  .was.  sufficiently  large  and  the  impel  lex*  ana 
nozzle  loading  were  sufficiently  low  to  permit  the  application 
of  a  linearized  theory. 

The  ducted  propeller  system  considered  was  assumed  to  consist 
of  an  annular  airfoil  surrounding  an  impeller  having  an  infinite 
number  of  blades.  The  impeller  is  regarded  as  a  uniformely  loaded 
actuator  disc,  set  normal  to  the  free  stream.  It  is  driven  to 
rotate  in  its  own  plane  with  angular  velocity  oo  . 


>0 
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The  nozzle  was  represented  by  source  and  vortex  rings,  axially 
distributed  at  the  nozzle  mean  radius.  The  source  distribution 
represents  the  thickness  effect  of  the  nozzle;  the  vortex  density 
along  the  nozzle,  representing  the  nozzle  loading,  was  chosen 
sinusoidal  with  zero  strength  at  the  leading  and  trailing  edges 
of  the  nozzle.. 

The  total  induced  velocities  due  to  the  different  vortex  and 
source  distributions  representing  the  impeller  and  the  nozzle 
can  be  calculated  according  to  the  law  of  Biot-Savart  if  the 
main,  dimensions  of  the  system  (  ,  a/L,  d/L ,  S/l  and  the 

thickness  distribution  of  the  nozzle),  the  advance  coefficient 
of  the  screw  (  J  =Ve/nQ  ),  and  the  loading  of  the  impeller  and 
nozzle  are  given.  The  impeller  thrust  and  torque,  the  thrust  on 
the  nozzle  and  the  ideal  efficiency  of  the  system  can  be  calculated 
now  for  the  chosen  values  of  the  design  parameters. 

In  addition,  the  shape  of  the  nozzle  and  the  pressure  distribution 
along  the  nozzle  can  be  computed. 

The  method  for  the  calculation  of  the  ducted  propeller 
characteristics  is,  in  a  more  detailed  way,  given  in  Appendix  A. 

It  is  shown  in  Appendix  A,  that  for  the  chosen  load  distributions 
of  impeller  and  nozzle,  the  shape  of  the  nozzle  is  completely 
determined  by  the  values  of  the  thrust  coefficient  Cjo  ,  the 
impeller  thrust  -  total  thrust  thrust  ratio  T.c  and  the  main 
dimensions  of  the  ducted  propeller  system.  Here,  the  subscript 
"o"  denotes  that  ducted  propeller  system  is  considered  with  an 
impeller  rotating  at  infinite  angular  velocity  dr  with  an  advance 
coefficient  eqritl  to  zero.  Then,  the  tangentially  induced 
velocities  and  consequently  the  losses  due  to  the  rotation  of 
the  fluid  are  zero.  The  case  that  the  impeller  rotates  with  an 
infinite  angular  velocity  coincides  with  the  case  that  the  impeller 
rotates  with  finite  angular  velocity  v/hiie  a  stator  is  used  to 
eliminate  the  rotational  losses. 
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Starting  from  given  thrust  coefficients  Cjo  ,  thrust  ratios  XQ 
(thus  at  0*0),  and  the  main  dimensions,  the  characteristics 
of  a  number  of  ducted  propellers  were  calculated.  It  must  be 
noted  that  for  the  thickness  distribution  of  the  nozzle  profiles 
of  all  nozzles  given  in  this  report  the  HACA  four-digit  wing 
section  basic  thickness  form  was  used. 

First,  the  shape  and  the  pressure  distribution  along  these  nozzles 
were  derived.  Secondly,  the  thrust  coefficient  Cy  ,  thrust  ratio 
X  and  the  ideal  efficiency  cf  these  ducted  propellers  were 
calculated  over  a  range  of  advance  coefficients  J  . 

The  data  used  for  the  computations  and  the  results  are.  given  in 
the  Tables  ,  A^  and  A^  of  Appendix  A.  Some  results  are  presented 
in  the  Figs.  2  through  9.  Figs.  2  and  3  show  the  effect  of  the 
thrust  ratio  Z0  on  the  shape  of  the  nozzle  and  the 
characteristics  of  ducted  propeller  systems. 

The  effect  of  the  nozzle  length,  diameter  ratio  L/b  and  the 
thickness  ratio  of  the  nozzle  profile  arQ  shown  in  the 

Figs.  4  and  5  and  the  Figs.  6  and  7  respectively.  The  pressure 
distributions  along  the  interior  and  the  exterior  surface  of 
various  nozzles  are  given  in  the  Figs.  8  and  9* 

The  afore  mentioned  method  for  the  calculation  of  the  ducted 
propeller  characteristics  enables  the  analysis  of  the  sectional 
lift  coefficient  CL  of  the  nozzle  under  design  condition. 
Analyses  of  the  sectional  lift  coefficient  Cj_  have  been  made 
for  nozzles  with  different  thrust  ratios  T0  ,  different 
thickness  ratios,  S/j_  and  different  nozzle  length  diameter 
ratios  Ly^  .  The  results  which  are  independent  of  the  value 
of  the  thrust  coefficient  Cyc  ,  are  presented  in  Fig.  10. 

The  minimum  pressure  at  the  exterior  surface  of  the  nozzle  and 
the  mean  pressure  at  the  impeller  plane  are  presented  in  non- 
dimensional  form  in  Fig.  11,  as  a  function  of  X0  ,  L and  Sy^ 
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Finally,  an  approximate  method  of  calculation  has  been  followed  in 
order  to  determine  whether  an  improvement  of  the  sc-rev/  cavitation 
characteristics  can  be  obtained  by  application  of  a  noszle.  A 
comprehensive  set  of  data  on  the  cavitation  properties  of 
propellers  designed  according  to  the  vortex  theory  (see  Ref.  [2]  ) 
permits  the  introduction  of  the  following  empirical  relation  for 
the  minimum  pressure  on  the  screw  blades: 


screw 


P  •  —  P 
rmin  go 

h-P  Ve2 


_7t 

i 

8j 


2,4  + 0.6  Z 


_A./a+0,2] 


where  the  blade-area  ratio  and  the  number  of  blades  of  the  3crew 
are  denoted  by  A ej^  and  Z  respectively.  The  ducted  propeller 
may  now  be  regarded  as  operating  in  open-water  with  an  equivalent 
uniform  stream  velocity  (  Ve  +  Un  )  and  an  equivalent  static 
pressure  of  the  undisturbed  stream  [Poo  +%/°Vea-%/9(Ve+  Un)2] 

Term  Un  denotes  the  mean  axial  velocity  at  the  impeller  due  to 
the  nozzle  action.  The  relation  between  Un  ,  Cj  and  X  has 
been  calculated  with  the  aid  of  the  vortex  theory  given  before. 


Hence,  the  minimum  static  pressure  coefficient  on  the  impeller 
blades  of  the  ducted  propeller  may  be  written  as: 


ducted 

propeller 


Pm  in  -  Poo 
'kf>  Ve2 


7T 

2.4+ 0.6  Z' 

tcT 

~8 

1 

^e^+62" 

+  1  “(1  + 


Un 

Ve 


) 


a 


Analyses:  or  the  pressure  coefficient  Cpmjn  corresponding  to 
ducted  propellers  with  different  thrust  coefficients  Cj  and 
thrust  ratios  X  ,.  and  for  and  Z=  5  were  made.  The 

result  is  presented  in  Fig.  12. 


The  main  dimensions  and  the  assumed  impeller  and  nozzle 
loading  of  tlie  nozzles  selected  for  the  experiments  were 
mentioned  already  in  the  introduction  and  are  given  in 
Table  I. 

The  following  variations  of  the  design  coefficients  of  the 
nozzles  were  considered: 

-  variations  in  the  thrust  ratio  ’Gq  at  the  design  thrust, 
coefficient  Cfo  (nozzles  nos.  30*31  and  32) 

-  variations  in  the  length-diameter  ratio  l/d 
(nozzles  no3.  33 »  35  and  36) 

-  variations  in  the  thickness  ratio  of  the 
nozzle  profiles  S/^  (nozzles  nos.  33  and  34-) 

The  nozzle  shapes  are  presented  in  the  Pigs.  13,  14 
and  13  and  are  .bulated  in  Table  II. 

The  experiments  were  all  carried  out  with  a  series  of  five 
bladed  Kaplan  type  screws  (Ed  5-100  series).  The  Kd 
series  screws  were  designed  in  combination  with  nozzle 
no.  31.  The  pitch  distributions  of  the  screws  depend  on 
the  velocities  induced  by  the  nozzle  at  the  impeller 
plane  and  on  the  radial  load  distributions  of  the  screws. 
Particulars  of  the  screw  models  are  given  in  Table  III  and 
in  Pig, 16.  The  screws  were  located  in  the  nozzles  with  a 
uniform  tip  clearance  of  T  mm.  (about  0.4  percent  of  the 
screw  diameter  D  ). 


The  tests  were  carried  out  with  the  usual  tank  apparatus 
for  open-water  tests  of  ducted  i>ropellers. 
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Pig.  17  shows  t**  measuring  equipment  which  is  fixed  under  the 
carriage  running  over  the  tank  during  the  tests.  The  usual 
routine  of  open-water  tests  was  followed;  the  HPM  of  the  screw 
was  kept  constant  and  by  varying  the  speed  of  advance  the 
desired  value  of  the  advance  coefficient  0  was  obtained.  The 
HPM  was  chosen  as  high  as  possible  to  obtain  a  high  Reynolds 
number.  Speeds  above  3  m/sec  could  not  be  investigated  on  account 
of  the  towing  carriage.  The  tests  were  normally  made  at  350  RPM 
of  the  screw. 


3.3«  Cavitation  tests. 

The  nozzles  nos.  33  and  36  were  tested  in  the  NSMB  cavitation 
tunnel  no.  1,  having  a  90cm  x  90cm  closed  working  section  and 
a  uniform  flow  distribution.  A  description  of  this  facility  is 
given  in  Ref.  [6j  .  The  nozzles  were  fitted  to  the  tunnel  wall 

by  means  of  faired  struts. 

During  the  tests  the  HPM  of  the  screw  was  kept  constant  and  by 
varying  the  pressure  and  the  water  velocity  in  the  tunnel  the 
region" of  bubble  cavitation  at  the  exterior  surface  of  the 
nozzle  was  determined.  The  tests  were  normally  made  at  1200  RPM 
of  the  screw.  Corrections  were  applied  to  the  velocity  and  the 
pressure  for  tunnel  wall  interference.  These  corrections  were 
based  on  the  thrust  identity  of  the  screws  in  the  tunnel  and 
in  the  open-water  condition. 


3.4.  Presentation  of  the  test  results. 


All  the  open-water  test  results  were  faired  by  computer  and 
plotted  in  the  conventional  way  with  the  coefficients: 

KT"-^ 

k - Q _ 


as  functions  of  the  advance  coefficient  0**^..  The  diagrams  are 
given  as  Pigs.  18  through  23 •  It  must  he  noted  that  in  the 
presentation  of  the  test  results  (Pigs.  18  through  23)  the 
diameter  D  denotes  now  the  tip  diameter  of  the  impeller. 

In  addition  the  test  results  were  plotted  with  the  coefficients: 


CT 


T  8  Kt 

*  "5* 


L  = 


T)  m  jL  .  *I_ 

2ir  Kq 

as  functions  of  the  advance  coefficient  J  .  These  diagrams 
are  given  in  the  Pigs.  25  through  31. 

The  experimentally  obtained  relations  between  the  thrust 
coefficient  Cy  and  the  thrust  ratio  Jj  of  the  various 
nozzles  are  given  in  the  Pigs.  32  and  33*  In  addition,  the 
design  thrust  coefficient  Cy  and  the  design  thrust  ratio  T» 
are  given  in  these  Figures. 


For  design  purpose,  various  practical  results  can  be  derived 
from  these  diagrams.  For  instance,  in  the  case  where  the  torque 
Q  of  a  screw  and  Ve  and  n  are  given,  the  determination 


of  the  optimum  diameter  from  a  point 


of  view  of  efficiency  of 


the  ducted  propeller  system  can  be  solved  by  plotting  Ip 
and  S(6-- — =f—)  as  functions  of: 


KQ  _n^a  nP 

*3*  ~  p  ve®  2  k pyts 


The  well-known  coefficieiit  Bp 
expression  by  the  equation : 

Bp = 33.08 
K  3% 


is  related  to  the  above 
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For  all  the  nozzles  the  coefficients  and  £  are  given  for 

optimum  diameter  in  the  Figs.  34  and  35  on  a  basis  of  Bp 
In  addition,  the  relation  between  Bp  and  Cy  for  the  different 
nozzles  are  given  in  these  diagrams. 

As  a  compasrison,  the  optimum  curves  for  efficiency  07 p  , 
diameter  coefficient  S'  and  thrust  ratio  Z  of  the  Ka  4-70 
screw  series  in  nozzle  no.  19A,  the  B  4-70  screw  series  and  the 
Kd  5-100  screw  series  in  nozzle  no.  33  are  given  in  Fig.  36  on 
a  basis  of  Bp  .  Nozzle  no.  19A  is  the  standard  nozzle  profile 
applied  by  the  NSMB  in  the  case  of  heavy  loaded  screws.  This 
nozzle  is  of  the  accelerating  flow  type  (see  Ref.  ^4]  and  [5]  )• 

Screws  of  the  B  4-70  screw  series  are  usually  applied  behind 
single  screw  ships,  (see  for  instance  Ref.  [7]]  ). 


Finally,  the  results  of  investigations  in  the  cavitation  tunnel 
with  the  nozzles  nos.  33  and  36  are  given  in  Fig.  37-  In  this 
diagram,  the  faired  curves  for  the  onset  of  bubble  cavitation 
at  the  exterior  surface  of  the  nozzles  are  given  as  a  function 
of  Cy  • 

The  cavitation  number  <5  was  based  on  the  speed  of  advance  of 
the  ducted  propeller  system: 


<r  = 


foo—  Py 

Vves 


where  Pe  denotes  the  vapour  pressure  of  the  water. 


/L 


A  large  number  of  theoretical  investigations  have  been  conducted 
on  ducted  propellers  during  the  past  thirty  years.  A  general 
review  of  recent  studies  on  ducted  propellers  has  been  given  by 
Morgan  and  Voigt  [3}  • 
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They  classified  the  calculations  of  ducted  propellers  into  fcwo 
types: 

-  The  direct  problem  of  the  ducted  propellers,  in  which  the 
geometry  of  the  ducted  propeller  system  is  given  and  the 
pressure  distribution  and  force  on  the  duct  must  be 
determined 

-  The  inverse  problem  of  ducted  propellers,  in  which  a  certain 
combination  of  impeller  forces  and  duct  forces  are  given  and 
the  shape  of  the  nozzle  must  be  determined. 

The  present  investigation  is  concerned  with  the  inverse  problem 
although  a  slightly  different  approach  has  been  chosen.  In  this 
approach  the  nozzle  shape  was  determined  for  a  given  uniform 
loading  of  the  actuator  disc  representing  the  impeller  a  i  for 
a  given  circulation  of  the  nozzle..  Prom  a  point  of  view  of 
simplicity  in  computation  this  method  is  very  attractive,  however, 
it  gives  only  the  possibility  of  deterrtning  nozzle  shapes  which 
will  operate  satisfactory  for  a  given  flow  condition. 

o 

Some  of  the  more  general  results  of  the  computations  were 
presented  in  the  Pigs.  10,  11  and  12. 

The  result  of  the  analysis  of  the  sectional  lift  coefficient 
CL  of  nozzles  was  given  in  Pig.  10.  The  value  of  the  lift 
coefficient  of  the  nozzle  will  give  a  rough  indication  with 
respect  to  the  danger  of  flow  separation  on  the  nozzle. 

Prom  two-dimensional  airfoil  flow  it  is  well  known  that  flow 
separation  will  occur  when  the  lift  coefficient  CL  exceeds 
a  value  of  about  1.  From  Pig.  10  it  can  be  seen  that  the  risk 
of  flow  separation  on  the  exterior  surface  of  the  nozzle  is 
small,  even  in  the  case  of  large  thrust  ratios  "C  .  The 
application  of  the  decelerating  type  of  nozzle  results  in  an 
increment  of  the  pressure  at  the  impeller  and  a  reduction  of 
the  pressure  at  the  exterior  surface  of  the  nozzle.  Minimum 
pressures  which  may  occur  at  the  exterior  surface  of  the 
decelerating  nozzle  were  given  in  Pig.  11. 
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The  effect  of  nozzle  length  and  maximum  thickness  of  the  nozzle 
profile  on  the  minimumpressure  were  shown  in  this  diagram.  The 
result  of  the  analysis  of  the  minimum  pressure  at  the  impeller 
blades  of  a  ducted  propeller  was  presented  in  Pig.  12.  This  diagram 
shows  that,  for  the  particular  screw  considered  (  Aey^  «*  1  2=5), 

only  for  low  values  of  Cy  ,  the  flow  decelerating  type  of  nozzle 
affects  favourably  the  cavitation  properties  of  the  screw.  If 
ducted  propellers  with  larger  blade  area  ratios  of  the  impeller 
or  with  more  rotor  rows  are  considered,  the  flow  decelerating  type 
of  nozzle  may  even  for  larger  values  of  the  thrust  coefficient  Cy 
favourably  affect  the  cavitation  properties  of  the  screw. 


The  results  of  the  experimental  investigations  were  shown  in  the 
Pigs.  13  through  37  • 

lie  relationship  between  the  thrust  coefficient  Cy  and  the  thrust 
ratio  Z  of  nozzle  no.  33  in  combination  with  the  various  screws 
of  the  Kd  5-100  screw  series  was  shown  in  Pig.  33-  It  can  be  seen 
from  this  diagram,  that,  as  might  be  expected,  this  relationship 
is  approximately  independent  of  the  pitch  ratio  of  the  screws. 

The  small  differences  which  occur  may  be  explained  by  the 
differences  in  rotational  losses  and  radial  load  distributions 
of  the  screws  and  by  frictional  effects.  The  relationships  between 
Cy  and  Z  of  nozzles  nos.  30,  31  and  32  (Pig.  32)  and  nozzles 
nos.  34,  35  and  36  (Pig.  33)  was,  therefore,  only  given  for  the 
screw  with  a  pitch  ratio  of  1.4.  In  addition,  the  design  thrust 
coefficients  Cy  and  thrust  ratios  Z  at  0  *  0  and  3  *  1,0 
of  the  various  nozzles  were  given  in  the  Pisa*  32  and.  33.  Although 


a  number" of  simplifying  assumptions  were  mads  4n  tho  development 
of  the  theox*y  for  the  numerical  calculations  of  the  nozzle  shapes, 


(it  was  a  linearized  theory,  the  impeller  was  represented  by  a 
uniformly  loaded  actuator  disc,  tip  clearance  offsets  were  not 
taken  into  account,  the  effect  of  friction  '"as  neglected)  a 
reasonable  agreement  between  the  calculated  relationship  of  Cy 
and  Z  of  the  various  nozzles  and  the  one  obtained  by  tho  ouon- 
.;auer  tents  was 


found . 
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The  open-water  efficiency  and  the  diameter  coefficient  £ 
of  the  various  nozzles  were  given  for  optimum  condition  from 
the  view  point  of  efficiency  in  the  Figs.  34  and  35  on  a  base 
of  Bp  .In  combination  with  the  Figs.  32  and  35 ♦  these  diagrams 
show  clearly  that,  by  comparing  the  properties  of  tho  different 
nozzles,  the  open-water  efficiency  i^p  decreases  with  increasing 
thrust  ratio  "G  .  The  diameter  coefficients  of  the  various 
nozzles  are  nearly  the  same. 


Optimum  curves  for  open-water  efficiency  ,  diameter  coefficient 

6*  and  thrust  ratio  T»  of  the  £a  4-70  screw  series  in  nozzle 
no.  19A,  the  Kd  S-IOO  screw  series  in  nozzle  no.  33  and  the  B  4-70 
screw  series  are  presented  in  Fig.  30. 

Typical  Bp  -  values  for  different  ship  types  are: 


torpedo ’ s 

twin-screw  3hips 

fast  warships  (frigates) 

single-screw  cargo  ships 

tankers 

towing  vessels  (tugs,  pushboats) 


Bp  <10  - 
££>10  -  15 
£<210  -  25 
.  *n15  -  35 
££>35  -  70 
>80 


or  Cj<0. 5 
*2  0.5 
£2  0.5 
ial.O 
£2  2.5 
>5.0 


1.0 

1.5 

2.5 
4.0 


The  lightly  loaded  screws  of  fast  ships  are  on  the  left  hand  side 
of  Fig.  36  while  the  heavily  loaded  propellers  of  towing  vessels 
are  on  the  right. 


The  propulsive  efficiency  of  a  ship  depends  on  the  open-water 
efficiency  of  the  screw  and  the  mutual  interference  of  screw 
and  ship.  A-  screw  behind  a  ship  normally  causes  an  increase  in 
the  drag  of  the  ship  because  of  the  low  pressure  due  to  the 
acceleration  of  the  flow  in  front  ">f  the  screw.  This  increase  in 
drag  is  called  ",,*hrust  deduction". 

The  accelerating  nozzle  (nozzle  no  19*0,  if  compared  v/ith  a 
conventional  screw  propeller  (B  4-7*  screw  series)  gives  raise 
to  an  improvement  in  open-wator  off  ic  loncy  in  tho  case  of 
heavy  scroy /  loads  (see  Fig.  30)  *  However,  fx*Gm  tho  viewpoint  of 
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thrust  deduction,  the  application  >f  this  nozzle  type  is 
questionable*  The  decelerating  noziile  (nozzle  no.  33)  has  a 
relatively  low  open-water  efficiency;  with  regard  to  thrust 
deduction,  the  application  of  this  nozzle  type  may  be  attractive. 

In  "‘he  case  of  heavy  screw  loads  (all  types  of  towing  vessels) 
the  attractiveness  with  regard  to  propulsive  efficiency  of 
application  of  the  accelerating  nozzle  has  been  demonstrated  in 
praotioe  in  the  course  of  the  past  thirty  years.  For  middle  and 
lower  screw  loads  (tankers  and  single-screw  cargo  ships)  the 
increase  in  propulsive  efficiency  through  application  of  an 
accelerating  nozzle  strongly  depends  on  the  stem-nozzle 
configuration. 

•In  this  range  of  screw  loads,  however,  the  application  of  a 
decelerating  nozzle  may  also  become  attractive  when  other  than 
hydrodynamic  factors  influence  the  choice. 

o 

It  can  be  seen  from  Fig.  36  that  at  low  Bp-values  the  open-water 
efficiency  of  both  the  accelerating  and  the  decelerating  nozzle 
decrease  with  respect  to  the  efficiency  of  the  B  4-70  screw  series. 
This  fact  can  be  explained  by  the  relative  increase  of  the 
frictional  and  the  induced  drag  of  the  nozzle.  The  curves  of  the 
diameter  coefficient  &  of  the  accelerating  and  the  decelerating 
nozzle  almost  coincide;  the  B  4-70  screw  series  has  a  larger 
optimum  screw  diameter.  It  is  interesting  to  note  that  the  curves 
of  the  diameter  coefficient  based  on  the  maximum  diameter  of  the 
system  <? *  of  both  the  accelerating  and  the  decelerating  nozzle 
and  of  the  B  4-70  screw  series  almost  coincide. 

>.•> 

The  cavitation  numbers  at  which  incipient  bubble  cavitation  at 
the  exterior  surface  of  the  rozzle  nos.  33  and  36  was  observed, 
are  presented  in  Fig.  37*  Comparing  the  results  given  in  this 
diagram  with  those  of  the  rough  analysis  of  the  minimum  pressure 
at  the  impeller  blades  of  a  ducted  propeller  (with  -  1  and 

Z*  5)  it  can  be  concluded  that  only  at  very  low  screw  loads 
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(  C-j-  >  0.6),  cavitation  phenomena  at  the  exterior  surface  will 
occur  before  the  screw  cavitation.  If  impellers  with  a  larger 
blade  area  ratio  or  with  more  rotor  rows  are  used,  then  the 
ducted  propeller  system  will  become  more  critical  for  cavitation 
phenomena  at  the  exterior  surface  of  the  nozzle. 

Finally,  it  must  be  noted  that  no  experiments  were  carried  out 
to  determine  the  effect  of  a  small  angle  of  attack  on  the 
cavitation  performance  of  the  tested  nozzle  shapes.  The  equipment 
for  performing  these  experiments  did  not  operate  satisfactory. 

5#  Conclusions. 


As  a  result  of  the  investigations  the  following  conclusions 
can  be  made: 

-  The  risk  of  flow  separation  on  the  exterior  surface  of  the 
flow  decelerating  type  of  nozzle  is  small,  even  in  the 
case  of  large  thrust  ratios. 

-  Whether  an  improvement  of  the  screw  cavitation  properties 

can  be  obtained  by  application  of  the  decelerating  nozzle, 
depends  on  the  particulars  of  the  screw  considered.  A  rough 
analysis  shows,  that  for  screws  with  «  1  and  Z *  5» 

the  flow  decelerating  nozzle  favourably  affects  the 
cavitation  properties  of  the  screw  only  at  low  values  of 
the  thrust  coefficient  Cj  (  Cy  <  1.5).  la  the  case  of 
large  thrust  coefficients,  the  flow  decelerating  nozzle  will 
favourably  affect  the  cavitation  properties  of  the  screw  if 
ducted  propeller  systems  -with  1-erger  blade  area  ratios  ox 
the  screw  or  with  more  rotor  rows  are  used. 

-  Although  a  number  of  simplifications  were  used  in  the 
development  of  the  theory  for  numerical  calculation  of  the 
nozzle  shapes,  a  reasonable  agreement  was  found  between  the 
computed  properties  of  the  nozzles  and  those  obtained  by 
the  open-water  tests. 
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\  »  Ihore  exists  &  fixed  relation  "between  the  thrust  coefficient 

’  f  Ct  and  the  thrust  ratio  X  of  i  nozzle,  which  relation  is 

1  V  *  “  9 

\  appi oximately  independent  of  the  particulars  of  the  screw 

S  ’  f  \ 

..  v  considered*  Ehis  property  determines  the  range  of  application 

^  l 

c  Of  the  nozzle  «  - 

•  ■  %*-  ’  ’  ,  ,  V-- 

-  t  -i  By  comparing  the  open-water  efficiency  for  optimum  condition 

f/  '  4i  v  \  *  *  \  \ 

'  of  various  ducted  propellers ,  it  was  found  that  the  efficiency 

;  '  V  of ;  the  System  decreases  with  increasing  value  of  the  thrust 

I  ratio  X  .  fhe  optimum  diameters  of  the  various  systems  were 

about  equal.  It  was  interesting  to  note  that  for  optimum 
condition  the  maximum  diameter  of  both  the  accelerating  Said 
the  decelerating  nozzle  and  the  considered  screw  series  were 
nearly  the  same. 


NETHERLANDS  SHIP  MODEL  BASIN 

J  **GE 

WAGENINGEN 

Report  no.67-163-AH 

j  20. 

References . 

til  Oosterveld,  II.  S'. C. ,  "Series  of  Model  Tests  on  Ducted 

Propellers".  D.S.K.B.,  Report  on  Contract  Do.  N  62558-4555 
(October  1967) • 

[2]  Keller,  J.  auf'm,  "Enige  aspecten  bij  bet  ontwsrp  van 
scheepsschroeven" ,  Schip  en  Werf  (December  1966). 

[3J  Morgan,  W.B.  and  Voigt,  R.G.,  "The  Inverse  Problem  of  the 
Annular  Airfoil  and  Ducted  Propeller",  David  Taylatr 
Model  Basin*  Report  2251  (September  1966). 

M  van  'kune n,  J.D. ,  "Effect  of  Radial  load  Distribution  on 
the  Performance  of  Shrouded  Propellers",  Paper  Do.  7, 

R.I.N.A.  (March  1962). 

[5]  van  Manen,  J.D.  and  Oosterveld,  M.W.C. ,  "Analysis  of 
Ducted  Propeller  Design",  Paper  Do.  13,  S.N.A.H.E. 

(November  1966). 

[6]  Witte,  J.E.  and  Esveldt,  J. ,  "Recent  Improvements  in  the 
large  Cavitation  Tunnel  of  the  Netherlands  Ship  Model  Basin", 
International  Shipbuilding  Progress,  Vol.  13,  Do*  146 
(October  1966), 

[7J  "Principles  of  Daval  Architecture",  Published  by  the  Society 
of  Daval  Architects  and  Marine  Engineers,  Dev;  York  (1967)* 


NETHERLANDS  SHIP  MODEL  BASIN 
WAGENINGEN 


Report  No.  67-163-AH 


PAGE 

21. 


List  of  Figures 

Figure  1.  Ducted  Propeller 

Mean  lines  and  characteristics  of  systematic  series 
of  nozzles  with  Cjo  «  0.5  and  0o*  1*0;  1.2  and 
1.4. 
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7*  Mean  lines  and  characteristics  of  systematic 
series  of  nozzles  with  CT0  »  1.0;  t©*  1.2 

and  different  thickness  ratios  ^  *  0;  0.05; 
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8.  Pressure  distribution  along  interior  and  exterior 
surface  of  nozzles  with  cTe*  0*5  and  XD  *  1.0; 

1.2  and  1.4. 

9*  Pressure  distribution  along  interior  and  exterior 
surface  of  nozzles  with  Cj  *1.0  and  X©  *  1.0; 

1.2  and  1.4, 

10.  Sectional  lift  coefficient  C^of  the  nozzle  as  a 
function  of  Z  0  ,  L/p  and 

11,  Mean  static  pressure  at  propeller  plane  and 
minimum  static  pressure  at  exterior  surface  of 
nozzle  as  a  function  of  Z0  *  L/p  and  s/l  • 


Figure  12.  Minimum.  pressure  at  tho  impeller  blades  of  a 
ducted  propeller. 

13.  Particulars  of  nozzles  nos.  30 »  31  and  32. 

14.  Particulars  of  nozzlot'  110 a,  33 »  35  and  35. 

15.  Particulars  cf  nozzles  nos.  33  and  34. 

16.  Particulars  of  screw  models  of  the  5-100 
screw  series. 

17.  Measuring  equip: 'cut  for  open  water  tests  with, 
ducted  propellers . 

IS.  Open  water  test  results  of  nozzle  no.  30  (KT;KTn; 

Kq  and  as  functions  of  3). 

19.  Open  water  tests  results  of  nozzle  no.  31  (  Ky;  Kyn; 

K q and  Upas  functions  of  0). 

20.  Open  water  test  results  of  nozzle  nc.  32  (  Ky;  Kyn; 

Kqand  Up  as  functions  of  0  ) . 

21.  Open  water  test  results  of  nozzle  no.  33  (  Ky;  Kyn; 

Kqand  Up ez  functions  of  0). 

22  o  Open  water  test  results  of  nozzle  zo.  34  C  Ky;  Ky^; 

Kq and  U p  as  functions  of  3). 

23.  Open  water  test  results  of  nozzle  no.  35  C  Ky;  Kyn; 

Kqand  Up  as  functions  of  3), 

24.  Open  water  test  results  of  nozzle  no.  36  C  Ky;  Kyn; 

Kqand  Upas  functions  of  3). 

25.  Open  water  test  results  of  nozzle  no.  30  (  Cy,I» 
ana  Up  as  functions  of  0} . 

26.  Open  water  test  results  of  nozzle  no.  31  (  Cy.T, 
and  Up  as  functions  of  3 ) . 

27.  Open  water  test  results  of  nozzle  no.  32  (  Cy.T, 
and  Up  as  f’.  Motions  of  3  ) . 

28.  Open  water  test  re.;”lt=;  of  nozzle  >0.  33  (  CT*^ 
and  Upas  functions  of  3  ) . 

29.  Open  water  test  results  of  nczzlo  j  •-*.  34  (  Cy,T/ 
and  Upas  functions  jf  3). 
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Figure  50.  Open  water  test  results  of  nozzle  no.  55  (  CT,X 
and  ^  as  functions  of  0  ). 

51.  Open  water  test  results  of  nozzle  no,  36  (  CT,X 
and  as  functions  of  0  ). 

52.  Relationship  "between  CT  and  X  of  nozzles  nos. 

30,  ?1  and  32. 

53.  Relationship  between  CT  and  X  of  nozzles  nos. 

33,  34,  33  arid  36. 

34*  Optimum  relationship  between  *lp ,  &  and  Bp  of 
nozzles  nos.  30,  31  and  32. 

35.  Optimum  relationship  between  Up  >  &  and  Bp  of 
nozzles  nos.  33,  34,  35  and  36, 

36.  Optimum  relationship  between  Up ,  &  ,  X  arid  Bp 
of  an.  accelerating  nozzle  (nozzle  no.  19A),  a 
decelerating  nozzle  (nozzle  no.  35)  and  the  B  4-70 
screw  series  in  open  water. 


Table  X  t  Design  parameters  of  the  tested  nozzle  shapes. 
XX  i  Mean  lines  of  the  tested  nozzle  shapes. 

XXX  t  Particulars  of  the  5-100  screw  series. 
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Cy  thmt  ooelfieienfcj  _J - 

d  hub  '.Unmetes?  ^°Vt 

D  noafile  diemeW  (eta  *1)  j  impeller  diameter 

^  blado  urea  rutio  of  tho  aorow 

J  advance  coefficient,  Tt 

Kt  thrust  coefficient,  T 

p  h*o* 

Kq  torque  coefficient.  Q 

/®  n*D® 

n  number  of  revolutions  per  second  of  the  3crew 
P  local  static  pressure 

P</>  static  pressure  in  the  undisturbed  stream 
Pv  vapour  pressure 
Q  torque 

R  propeller  radius 

S  maximum  thickness  of  the  nozzle  profile 

S(y)  shape  of  the  mean  line  of  the  nozzle  profile 
(see  also  Pig.  ^1) 

T  thrust 

Ve  undisturbed  stream  velocity 

Z  number  of  screw  blades 

8  diameter  coefficient,  __1_0_1_.27 

0 

p  specific  mass  of  fluid 

<5  cavitation  number  of  the  undisturbed  fluid,  Jg  —  ^ 

MtP  Vea 
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or 

L»v'  I 

*Yp  open  water  efficiency 
ideal  efficiency 

L  impeller  thrust  -  total  thrust  ratio 
oj  rotational  velocity  of  the  screw 

Subscripts : 

p  propeller 
n  nozale 


o  value  of  the  coefficient  at  J »  0 


0 


characteristics  of  systematic  series  of 


Meanlines  and  charadteristi 
of  nozzlfs  with  Cjo— 1.0  ;T* 
ratios  (  L/n-03;  0.6  and  09 >. 


.C£(x,RXexterior  surface) 
interior  surface) 


distribution  along  interior  and  exterior  surface  of  nozzles 
«0.5  and  ;  12  and  1.4  . 


Pressure  distribution  along  interior  and  exterior  surface  of  nozzles 


mean  &/o  y 


prope 


Particulars  of 


nozzles 


nos-  33  and  34. 


02  0<  05  Q8 


U  IJS 


Fi9.!S  Op*n  water  test  results  of  nozzle  no.3!  (KjtK^K,  and  l}p  as  functions  of  J). 


20  22  U  26 


46 


Fig. 21  Open  water  test  results  of  nozzle  na33  (  Kp  Kj^i  and  tjp  as  functions  of  0  >. 


IBgBnHHHHBBmffiM 


K(j  S-IOO  SCREW  SERIES 
IN  NOZZLE  N0.34 


H 


annul 


hum 


HU 


tvm\ 


52331 


BI1M 


ss: 


nozzle 


-J'JO  screw  series  in 
nozzle  no.30 


-100  screw  series  in 
nozzle  no.31 


Fig,3Q  Open  water  test  results  of  nozzle  no.35  (  Cy/G  and  as  functions  of  0,). 


Relationship  between  Cj  and  T>  of  nozzles  nos.30,31  and  32. 


nozzle  no-  36 


Fig;36  Optimum  relationship  between  i^p,  8  and  Bp  of  an  accelerating  nozzle  (nozzle  no.19A) 
a  decelerating  nozzle  (nozzle  no.33)  and  the  B  4.70  screw  series  in  open  water. 


Table  II  :  He  an  lines  oi‘  the  tested  nozzle  sliapes 
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PACE 


Diameter 

D 

240  mm 

Number  of  blades 

*-* 

J 

5 

Pitch  ratio  (at  0*7  3) 

*4 

1 .0-1 .2-1  .4-1 ,6-1 .6 

Blade  area  ratio 

Ae/A 

1.00 

Blade  outline 

Kaplan  type 

jdlade  section 

HASP.  16-parabolic  canberline 

Propellers  indicated 
by  nos. 

3930-5931-3932-5933-3934 

Sable  III  :  Particulars  of  the  K-,  5-100  screw  series 
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Theoretical  analysis  of  ducted  propellers 


1  •  Representation  of  ducted  propellers  by  vortex 


distributions * 

The  calculations  of  the  ducted  propellers  were  based  on 
the  following  assumptions.  The  forward  velocity  was 
assumed  to  be  sufficiently  large »  the  nozzle  loading 
and  the  blade  loading  of  the  impeller  sufficiently  low 
to  permit  the  application  of  the  linearized  theory.  The 
effect  of  the  hub  shape  op.  the  flow  field  was  neglected. 
The  ducted  propeller  system  considered  consists  of  an 
annular  airfoil  of  finite  length  and  zero  thickness  and 
of  an  impeller  having  an  infinite  number  of  blades. 

The  mathematical  model  of  the  ducted  propeller 
configuration  can  be  composed  by  means  of  vortex 
distributi ons • 

The  impeller-  was  regarded  as  a  uniformly  loaded  actuator 
disk  set  normal  to  the  free  stream.  It  was  driven  to 
rotate  with  an  angular  velocity  u>  .  Free  trailing  vortices 
started  from  the  propeller  disk  at  hub  and  tip  radius. 

The  flow  around  the  nozzle  was  represented  by  a  sinusoidal 
bound  ring  vortex  distribution  with  zero  strength  at  Idle 
leading  and  the  trailing  edges  and  by  a  ring  vortex 
distribution  with  zero  strength  at  the  leading  edge  and 
equal  to  the  strength  of  the  circumferential  component 
of  the  helical  trailing  vortices  at  the  impeller  disk.. 

The  resulting  mathematical  model  is  summarized  in  Rig.  a. 


Assume  the  vortex  strength  per  unit  impeller  disk  area 
at  the  inpeller  tip  to  be  equal  to  j(R<)  f  the  strength 
of  the  different  vortex  distributions  then  becomes: 
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—  vortex  strength  per  unit  impeller  disk  area 

*(<•)= ^2.  ft*) 

—  strength  per  unit  area  of  the  trailing  vortex 
sheet  starting  from  the  impeller  disk  at  the 
tip  radius 

—  strength  per  unit  area  of  the  trailing  vortex  sheet 
starting  from  the  impeller  disk  at  the  hub  radius 

Vi  +  X^jl*1 

—  strength  per  unit  area  of  the  bound  ring  vortex  . 
distribution  along  the  nosale 

/L y (RO - —  (for  -aL<x<o  ) 

1  aVa(i-»  V 

V  (R,)  sih  0  (for  -AL  <x  <(l-a)  L ) 

where ,  a 

ju.m  ,  X.  i*s_  ,  x+(a-o,5  )L  5-o.sL  cose 

and  the  definitions  of  R0  ,  ,  r  ,  x  ,  L,  a  and  so  on, 

are  given  in  Figure  a* 

2.  Calculations  of  the  flow  field 

The  total  induced  velocities  can  be  calculated  according 
to  the  law  of  Biot-Savart  if  the  main  dimensions  of  the 
ducted  propeller  system  CR0 ,  R,  f  L  and  a  ) ,  the  loading 
of  duct  and  impeller  (  ^  (  fy)  and  ( R())  ,  the  rotational 
velocity  of  the  impeller  (03.)  and  the  undisturbed  stream 
velocity  (V« )  are  given*  In  the  following,  we  will  give 
the  induced  velocities  in  the  point  (  x  ,  r)  of  the  flow  field 
due  to  the  -various  vortex  distributions. 

The  relations  are  made  non-dimensional  in  the  following 
way? 
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x  ,  r  -  X  ,  X- -Bo  >  *0  =-L 

Ri 

-  *(«<)  77  AW 

Z-  \jr  ’ 


'a.t.or.r 


where  a  ,  t  and  r  denote 
the  axial,  tangential  and 
radial  induced  velocities 
respectively. 


(1)  Induced  velocities  due  to  the  vortices  representing 
the  impeller  disk 


Wa  (x,r)  =o 

Wj\x,  r )  «  y  A1(1  (x,  ?)  A 


<  */a 


„(*.?)=  i  fdr.fdu, _ *£?.%*%. _ _ 

nJ  J  Lx"*-*-  ( r4+  if-^i  r,  rslHai)»]^ 


(2)  Induced  velocities  due  to  the  trailing  vortex  sheet 
starting  from  the  impeller  disk  at  the  tip  radius 

<n  ^ 

/-A  _  A  .  _ 


W»  trr)./.jfAM(x,r)  A„(S?).±JjtJ  d T 

o  o  L{^x-x]  y ((-i-f ?r-4r siN^jj  * 

w£’(x.r) . -j. Aj.j (x,r )  Ala(!i,r ).Xpcjj  < df  _ Al^cosqif) _ _ 

Wr'jx.rJsyUpAjj  !x.r)  A^IxFl.-LfclTpY _ /tptx-Tj  cos  ay - 

(3)  Induced  velocities  due  to  the  trailing  vortex  sheet 
starting  from  the  impeller  disk  at  the  hub  radius: 

(*.?)  ^=-1  Jdtfdy 

u  Ki  i  -*-yu[(A+r)-^Xr  Wh,]J^ 

W’|,)(x.r)=  A32(x.r)  AM(x,r)s-i|cfcJdip  - - ^(..f.+frCotaL1^ - - 

j  0  l  - 


WyJ(x.r)=  v 


wS?)(x,r)=/i.'jAj3(xf)  Aj,(x.r)a  ijjtpif  - — A/xCM-T,]  cos  ay_ 


- jpt 
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4  Induced  velocities  due  to  the  discontinuous  ring 
vortex  distributions  along  the  nos  lie 

o 

kifeWVS ? )  A*,(W - '  rjHjJ^cos^ltine 

ZX\4(l-aVJ^  J  |(x-^)%.(l+r)-4r 

Wj)(xir)=o 

o  Vi 

W^lx, r)  */xr  A 4-  (x,h)  (x.r).  =  — -=L=,  f<i$  [ <J  u>  JjEJligili - — 

iWad-a^J  £ - - - 

5  Induced  velocities  due  to  the  sinusoidal  ring  vortex 
distribution  along  the  nozzle: 


M7  Vi 


W^^A5,(x.F)  Ag1  {x.r) »  -L  |  d^dlp - - 

v-a^  o  [(x-£) +(l+r)^-4r  .sin2  ^ 

W^(x,r)=o 

(>-*)?  Ya  _  _ 

R?)  >-.?}  >-l fd Ejdy  U-^cosaytine 

-a^  °  r* .  'J u 

The  total  induced  velocities  may  he  written  as: 

Wa  (x.r)  =  /LjA,(x,r)+^Aj.  (x,r  ;  A,  (xir)=  A2.1(x.r}  +  ^(x.f )+  (x.h) 

A2(x5)=As1(x.r) 


WT(x,r)=  ^  A3  (x.r ) 


A3  (x,r)=A,«i(x.r )  +  Aaa  (x.r }  -*•  A3j2  •  x,r 


Wr  (xf  rv=  Ai,vX, fr-ry, A^'  x.r'  (x(n=A2;5vx'.r)  -fA3;5(x.r)"+ 

As(x.r)=»Ay»(x.r) 


where  the  coefficients  A  *:-ys  f (vctions  of  X ,  r  and 
the  main  dimensions  of  the  ducted  propeller  system 
(  thus  R0  ,  i_  said  d  )  only.  ?heoc  coefficients  arc 

independent  of  i  iC  v  v/<5»  .»  Ciw iJ  3X  ulS  3  and  jw 

and  the  advance  coefficient  «.«.  . 


rti 
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3.  Calculation  of  the  camberline  Of  the  nozzle  profile 

The  shape  of  the  camberline  of  the  nozzle  profile  can 
he  obtained  from  the  relation: 

dS(x_)  _  Wr(xtRQ  or  £  (x)=f  Wrii^M  dfe 

~Xx~  Vc  i  Ve  7 

where  the  definitions  of  S(x)is  given  in  Big.  1.  This 
relation  may  also  be  written  as: 


s(x)=  sjxL 


where* 


^0,1 ) 


-JmJ.iNJ 


(1) 


4*  PreBBure  distribution  along  the  nozzle 


With  the  aid  of  Bernoulli ’ a  theorem  the  pressure 
distribution  along  the  nozzle  can  be  calculated. 

The  static  pressure  coefficients  Cjf  {*)  and  Cp(x)  are 

defined  by} 

Cp  (x). 


Gp  (X) 


ft»  and  >4  the  static  pressure  and  the  velocity  of 
the  undisturbed  flow* 

P*(X)  and  Plx)  are  the  static  pressure  at  respectively 
the  inner  and  the  outer  side  of  the  nozzle  as  a  function 
of  the  location. 


Calculation  of  the  pressure  distribution  along  the  nozzle 
gives: 
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Cp  (x).  =  /Ly  Bjtx, I )  +  p,  (x,1).  (2) 

C}(*)  =  M%  Bs(x,1)+p  (3) 


where, 

B3  (x,l) - gj &!H6  ...  +  Ra  _l  A <  (x,i). 

2\^r 


(*,*)-  sin©  _  2Aa  (x,l). 


B5 (x,1  )  \  -.1  At(x,1 ) 

B6(x,i)=—  siH©-apa  (x.i) 

and 

fi,s<  for  ~a^<x<o 

R,=o  R^-1  for  o  < x  <(f-a  )*J 


5.  Calculation  of  thrust,  torque  and  efficiency 

The  non-dimensional  thrust  and  torque  coefficients  are 
defined  by: 


C-r  w 
1  \ 


%*A  %  * 

Q 


c  “Tp  ora 

Tp  ern°  v,’  %  o’ 

T  -  IL  -  ...CTp  . 

t  o,- 


where  T  ,  *Ip  ,  T0  and  denote  the  total  thrust,  the 
impeller  thrust,  the  nozzle  thrust  and  the  torqutf. 
The  thrust  and  torque  coefficient*  become; 


CTP  =  A  ci+flc2 

CT„  =  <Apa  Cj  +  /yfi  q,  +  fcs 


M 

Is) 


CT  =  cTp+  CT„ 


lb) 


%=£  +  Aff'  C®] 


(7) 
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whore , 


C1  =aC4  »  a(<-Xa) 
C2  =  4  J A3(o,r)d  F 


'3  .vcrl 


A3{x,1  )sine  ox 


sin  ©dx 


- 2 _ [A5(x,i)  &in  8  dx  -4^A4(5?>1 )  si 

&  -a7 

C5=:-^  J  As  (*j)  0 

r? 

c7-  2  j  A1  (o,T)  f  dr 

x 

< 

Cp^2  1  Aj  (o,r)  r  dr 
X 

The  efficiency  of  a  ducted  propeller  system  is  defined  by: 

7i  =  r  •  ^  (s) 

a/.  ca 


6.  Presentation  of  the  computation  results: 


The  shape  of  the  camberline  of  the  nozsle  profile,  S(x) 
the  pressure  distribution  along  the  nozzle,  Cp  (x)  and 
Cp(x)  »  the  thrust  and  torque  coefficients  Cjp  ,  Gj^  ,  Cj 
and  Cq  and  the  ideal  efficiency  of  the  ducted  j  :•  cpolles? 
system  were  given  in  the  relations  (1)  through  (■;).  From 
these  relations,  it  can  he  seen  that  S  (x)  5  Cp(y)  ,  Cp(x) ; 


.andiiCh 


are  completely  determined  by? 


the  main  dimensions  of  the  ducted  propeller  synto  i* 
given  by  R0  ,  R,,  ,  L  and  a  . 


the  vortc"  density 


Si 


t’">e  product  of 
ratio  /x 


vorte::  dev 


aid  the  advance 
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The  thrust  coefficient  C-pp  and  consequently  the  total 
thrust  coefficient  Cj  and  the  ideal  efficiency  ^  depend 

but  also  on  ^ 

The  impeller  is  represented  by  an  actuator  disk  rotating 
with  an  infinite  angular  velocity  if  the  undisturbed 
stream  velocity  \4  and  the  product  are  kept  constant 
and  the  advance  co efficient jn  becomes  infinite.  Then  the 
vortex  density  %  goes  to  zero.  Besides,  the  tangentially 
induced  velocities  and  consequently  the  losses  due  to  the 
rotation  of  fluid  become  zero.  The  case  that  the  actuator 
disk  rotates  with  an  infinite  angular  velocity  coincidis 
with  the  case  that  the  actuator  disk  or  the  impeller 
rotates  with  finite  angular  velocity  while  a  stator  is 
used  to  eliminate  the  rotational  losses. 

The  total  thrust  coefficient  Gf  ,  the  thrust  ratio  X 
and  the  ideal  efficiency  in  that  case  are  denoted  by 


The  shape  of  the  camberline  of  the  nozzle  profile  is  also 
completely  determined:  by  the  values  of  G|-o  ,  Te  and  the 
main  dimensions  of  the  ducted  propeller  system.  Calo  ;ations 
o'"  the  thrust  coefficient  CT  ,  the  thrust  ratio  X  ana  the 
ideal  efficiency  ,  at  various  advance  coefficients  ja 
were  made  for  a  number  of  nozzle  shape  given  by  0^  ,  T0 
and  the  main  dimensions  of  the  ducted  system  A  ,  and  a 
In  addition,  the  shapes  of  the  camberline  of  the  nozzle 
profiles  and  the  pressure  distributions  along  the  nozzle 
surfacaswere  calculated.  The  data  used  for  the  computations 
and  the  results  are  given  in  the  tables  A^,  A2  and  Aj 
respectively. 


not  only  on  the  product 


PACE 
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7.  Effect  of  the  thickness  of  the  nozzle  profile  on  the 
flow  field 

Hitherto  ,  only  nozzle  profiles  with  zero  thickness 
were  considered*  The  thickness  effect  of  the  nozzle 
profile  on  the  flow  field  can  he  taken  into  account 
in  the  linearized  theory  by  representing  the  nozzle 
hy  a  distribution  of  ring  sources  and  sinks  along  a 
cylinder  with  radius  (see  Pig.  1).  In  the  oase  of 
very  thin  nozzle  profiles,  the  strength  of'  the  sink 
and  source  distributions  representing  the  nozzle  profile 
can  be  calculated  by  considering  the  flow  around  the 
profile  as  two-dimensional.  Then  the  local  source 
strength  is  equal  to  the  derivative  of  the  profile 
thickness: 


where  M£)  denotes  the  local  thickness  of  the  nozzle 
profile.  If  the  source  strength  ^.( £ ) is  made  non- 
dimensional  in  the  following  way: 


nv 


the  induced  velocities  in  the  point  (x, r)  of  the  flow 
field  due  to  the  ring  sources  representing  the  thickness 
of  the  nozzle  become: 

_  _  __  zth  , 


r/*),-  - 

a 


u/wfv  r  1-  t  1  A  l  .1  Aau 


7  J 

o 


7  [(X-*>)a+  (1+r) -4>  sinaif]% 


WT  (x.r)-o 


(<-»>?_  *A 


(  P  +  C052H>) 


and  the  effect  of  the  thickness  of  the  nozzle  profile 
on  the  pressure  distributions  along  the  nozzle,  the 
impeller  thrust  and  torque,  the  nozzle  thrust  and  so 
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or?  can  be  calculated  in  an  easy  way. 

These  calculations  will  not  be  given  here  in  detail 

8.  Tabulation  of  the  results  of  the  computations 


The  results  of  the  computations  are  tabulated  in  the 
Tables  A,j,  Ag  and  Aj.  Table  A^  presents  the  thrust 
coefficients  Cje  ,  the  thrust  ratios  T0  and  the  main 
dimensions  of  the  ducted  propeller  systems  for  which 
computations  were  carried  out.  All  the  considered 
nozzle  shapes  had  a  NAOA  four-digit  basic  thickness 
form.  Table  A^  gives  the  effect  of  the  rotational 
velocity  of  the  screw  on  the  ideal  efficiency  *  t: 
thrust  coefficient  Cj  and  the  thrust  ratio  X  of  the 
ducted  propeller  systems. 

Finally,  Table  presents  the  mean  lines  and  the 
pressure  distributions  along  the  nozzles  of  the 
various  ducted  propellers.  In  addition,  the  ideal 
efficiency  <7.  for  3-o  (ij^)  is  given  in  this 

able* 


NETHERLANDS  SHIP  MODEL  BASIN 
WAGENINGEN 


Report  ITo.  67-1S3-AH 


Table  -  Thrust  coefficiency  Cfo  ,  thrust  ratio  L0  and 

main  dimensions  of  nozzles  for  which  computations 
were  carried  out. 


s/l 

% 

0.5 

0 

0.2 

0.5 

0.15 

0.2 

0.5 

0 

0.2 

0.5 

0.15 

0.2 

0.5 

c 

0.2 

0.5 

0.15 

0.2 

0.5 

0 

0.2 

0.5 

0.15 

0.2 

0.5 

0 

0.2 

0.3 

0.15 

0.2 

0.5 

0 

0.2 

0.5 

0.15 

0.2 

0.5 

0 

0.2 

0.5 

0.15 

0.2 

0.5 

0 

0.2 

0.5 

0.15 

0.2 

0.5 

0 

0.2 

0.5 

0.15 

C.2 

0.5 

0 

0.2 

0.5 

0.15 

0.2 

0.5 

0 

0.2 

0.5 

0.15 

0.2 

0.5 

0 

0.2 

0.5 

0.15 

0.2 

✓  /\~  t?  . 
KJ'*  » 

/% 

\j 

r\  m 
\J  vx . 

0.5 

0.15 

0.2 

0.5 

0 

.  0.2 

0.5 

0.15 

0.2 

0.5 

0 

0.2 

0.5 

0.1;> 

0.2 

0.5 

IT  r~v 

i 

0 

0.2 

0.5 

0.15 

0.2 

0.5 

0 

0.2 

0.5 

0.15 

0.2 

0.5 

0 

0.2 

Q.5 

0.15 

0.2 

>1-* 


PACK 


NETHERLANDS  SHIP  MODEL  BASIN 
WAGENINGEN 


Cable  Ag  -  Effect  of  the  advance  coefficient  0  on  the 
thrust  coefficient  Cj  and  the  thrust  ratio  T, 
of  the  considered  nozzle  shapes 


Nozzles  Nr.  C 


0.25 
0.50 
0*75 
1.00 
1.25 
1.50 
1.75 
2.00  . 


1.000 

0.999 

0.989 

0.97S 

0.953 

0.935 

0.905 

0.871 

0.331 


000 
000 
000 
000 
1.000 
1.000 
1.000 
1.000 
1.000 


0 

9 

0.985 

0.966 

0.939 

0.905 

0.862 

0.815 

0.756 


1.000 
001 
003 
006 
1.012 
1.017 
1.027 
1.038 
1.054 


1.000 

0.995 

0.979 

0.954 

0.91? 

0.870 

0.814 

0.748 

0.669 


.000 

.002 

.006 

.013 

.026 

.043 

.066 

.097 

.142 


0 

0.25 

0.50 

0.75 

1.00 

1.25 

.50 

1.75 

2.00 


Nozzles  Nr.  D 

ft. 

1.000 

1.000 

0.995 

1.000 

0.979 

i-.ooo 

0.953 

1.000 

0.915 

1.000 

0.868 

1.000 

0.809 

1.000 

0.743 

1.000 

0.662 

1.000 

Nozzles  Nr.  E 


Ct/cT.  Vt. 


Nozzles  Nr.  F 


1.000 

0.992 

0.970 

0.932 

0.878 

0.810 

0.725 

0.630 

0.513 


s 


000 
002 
005 
1.013 
1.023 
1.039. 

1.063 

1.098 

1.158 


1.000 

0.990 

0.959 

0.907 

0.834 

0.741 

0.626 

0,496 

0.337 


.000 

.003 

.012 

.029 

.057 

.100 

.171 

.291 

.562 
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Table  -  Mean  lines^  pressure  distributions  along  the 
nozzle  profile  and  ideal  efficiency  of  the 
considered  ducted  propeller  systems. 


nozzle 

number 

x/r 

S00/R 

eP 

A,  1 

0.885 

-  0.600  j 

+  0.030 

-  0*072 

-  0.072 

-  0.540 

+  0.026 

-  0.024 

-  0.133 

-  0.480 

+  0.022 

-  0.009 

-  0.159 

-  0.240 

+  0.010 

+  0.009 

-  0.22Q 

0 

+  0 

+  0 

-  0.250 

+  0 

+  0 

+  0 

+  0.250 

+  0.240 

-  0.010 

-  0.010 

+  0.220 

+  0.480 

-  0.022 

+  0.009 

+  0.159 

+  0  « 600 

-  0.030 

+  0.072 

+  0.072 

mm 

0.898 

-  0.600 

-  0.011 

+  1.977 

+  1.977 

■Ha 

» 

-  0.540 

-  0.007 

-  0.378 

-  0.321 

-  0.480 

-  0.003 

-  0.431 

-  0.353 

-  0.240 

+  0.005 

-  0.481 

-  0.362 

■ i 

-  0 

+  0 

-  0.387 

-  0.258 

+  0 

0 

-  0.387 

+  0.243 

+  0.240 

-  0.017 

-  0.248 

+  0.329 

kwhs 

+  0.480 

-  0.047 

-  0.073 

+  0.305 

+  0.600 

-  0.066 

+  0.121 

+  0.121 

A*  3 

0.889 

-  0.300 

+  0.022 

-  0.090 

-  0.090 

-  0.270 

+  0.020 

-  0.039 

-  0.148 

-  0.240 

+  0.017 

-  0.022 

-  0.172 

-  0.120 

+  0.008 

+  0.003 

••  0.226' 

0 

+  0 

+  0 

-  0.250 

+  0 

0 

0 

+  0.250 

+  0.120 

-  0.008 

-  0.003 

+  0.227 

+  0.240 

-  0.017 

+  0.002 

+  0.0172 

+  0.300 

-  0.022 

+  0.089 

+  0.089 

A,  4  ; 

0.899 

:  -  o#  300 

~  0.006 

+  1.952 

+  I.952 

; 

-  0.270 

-  0.004 

+  1.871 

+  1.960 

-  0.240 

-  0.003 

+  1.815 

+  1.937 

-  0.120 

0 

'+  1.592 

+  1.778 

0 

0 

+  1.326 

+  1.529 

+  .0 

*  0 

+  1.321 

+  2.023 

+  0,120 

-  0.008 

+  0.981 

+  1.625 

+  0.240 

-  0.024 

+  0.361 

+  0.783 

+  0.300 

-  0.034 

+  0.115 

+  0.115 
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nozzle 

number 

% 

x/r 

s(x/r 

A,  5 

0.890 

-  0.900 

+  0.033 

-  0.855 

+  0.031 

-  0.810 

+  0.028  . 

-  0.720 

+  0.024 

-  0.360 

+  0.010 

0 

+  0 

+  0 

0 

+  0.360 

-  0.010 

+  0.720 

-  0.024 

+  0.900 

-  0.033 

A,  6 

0.901 

-  0.900 

-  0.032 

-  0.855 

-  0.027 

-  0.810 

-  0.023 

-  0.720 

-  0.015 

-  0.360 

+  0.003 

B,  1 

0.850 

c  | 

B,  2 

0.872 

—  0 

+  0 

+  0.360 
+  0.720 
+  0.900 


-  0.600 

-  0.540 

-  0.480 

-  0.240 

0 

+  0 
+  0.240 
+  0.480 
+  0.600 


0 

0 

0.024 

0.069 

0.098 


-  0.008 
-  0.002 
+  0.001 
■f  0.005 
+  0 
0 

-  0.018 
-  0.052 
-  0.076 


-  0.062 

-  0.027 

-  0.015 

-  0.002 
+  0.012 
+  0 

0 

-  0.013 
+  0.001 
+  0.062 


+  1.995 

-  0.410 

-  0.449 

-  0.501 

-  0.481 

-  0.372- 

-  0.372 

-  0.241 
+  0.037 
+  0.398 


-  0.009 

-  0.072 
97 
47 
75 
75 
69 

5 

+  0.164 


-  0.600  -  0.049  1+  2.046 

-  0.540  -  0.037 


r\  i\  on, 

— •  v«*rwv 

-  0.240 
0 

+  0 
+  0.240 
+  0.480 
+  0.600 


...  a.-aac: 

0 

+  0 
0 

-  0.026 

-  0.079 

-  0.116 


-  0.062 

-  0.105 

-  0.124 

-  0.151 

-  0.216 
-  0.249 
+  0.251 
+  0.217 
+  0.152 
+  0.061 


+  1.995 

-  0.365 

-  0.386 

-  0.415 

-  0.350 

-  0.229 
+  0.272 
+  0.349 
+  0.423 
+  0.398 


-  0.009 
+  0.058 
+  0.084 
+  0.130 
+  0.126 
+  0.726 
+  0.658 
+  0.466 
+  0.164 


A- .  COC 

v 


•  0.164 
+  0.219 


+  0.020 
+  0.153 
+  0.754 
+  0.798 
+  0.634 
+  0.219 
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Table  A-,  (continued) 


nozzle  ^ , 
number  % 


Bt.  3  0.849 


B,  4  0.954 


B,  5  0.850 


-  0.500 

-  0.270 

-  0.240 

-  0.120 

0 

+  0 
+  0.120 
+  0.240 
+  0.500 


50 

27 

24 


-  0.120 

0 

+  0 
+  0.120 
+  0.240 
+  0.500 


-  0.900 

-  O.S55 

-  0.810 

-  0.720 
-  0.560 
-  0 

+  0 

+  0.560 
+  0.720 
+  0,900 


S(*)/R 


-  0.005 

-  0.002 

+  0 

+  0.004 

+  0 

0 

-  0.014 

-  0.041 

-  0.058 


0.045 

0.054 

0.026 

0.004 

0 

0 

0.016 

0.054 

0.080 


+  0  •  004 


•f 

-  0.019 

-  0.059 

-  0.088 


-  0.027 

-  0.151 

-  0.196 

-  0.288 

-  0.525 

-  0.524 

-  0.295 

-  0.143 
+  0.137 


+  2.040 
+  1.727 
+  1.588 
+  1.210 
+  0.902 
+  0.897 
+  0.597 
+  0.143 
+  0.238 


-  0.002 

-  0.032 

-  0.043 

-  0.058 
-  0.092 
-  0.118 
-  0.118 
-  0.122 
-  0.055 
+  0.147 


-  0.02 7 
+  0.100 
+  0.149 
+  0.240 
+  0.252 
+  0.852 
+  0.783 
+  0.562 
+  0.187 


+  2.040 
+  2.295 
+  2.370 
+  2,404 
+  2.204 
+  2.799 
+  2.341 
+  1.284 
+  0.238 


-  0.002 
+  0.032 
+  0.046 
-  0.064 
+  0.095 
+  0.086 
+  0.086 
+  0.o15 
+  0.427 
+  0.147 


B,  6  0.877 


-  0.900 

-  n.ftRS 

-  6.810 

-  0.720 

-  0.360 

0 

+  0 

+  0.360 
+  0.720 
+  0.900 


0.077 

0-068 

0.059 

0.04? 

0.003 

e 

0 

0.034 

0.107 

0.157 


+  2.062 
0  -  41.8, 

-  0.479 

-  0.563 

-  0.596 

-  0.501 
-  0.500 
-  0.361 

0.025 
+  0.490 


+  2.062 

-  0.214 

-  0.199 

-  0.177 

-  0.007 

+  0.142 
+  0.742 
+  0.778 
+  0.721 
+  0.490 
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Report . Ho •  67-163-AH 


nozzle  .. . 
number  li, 


C.  2  0.836 


C,  3  0.805 


C*  4  0.919 


-  0.600 

-  0.540 
*  0.480 

-  0.240 

0 

+  0 
+  0.240 
+  0.480 
+  0.600 


-  0.600 

-  0.540 

-  0.480 

-  0.240 

0 

+  0 
+  0.240 
+  0 .480 
+  0.600 


-  0.300 
-  0.270 

-  0.240 

-  0,120 

0 

4-  0 

+  0.120 
+  0.240 
+  0.300 


-  0.300 

-  0.270 

-  0.240 

-  0.120 

-  0 

+  0 

+  0.120 
+  0.240 
+  0.300 


s(1% 


-  0.028 
-  0.020 
-  0.014 
+  0.002 
+  0 


0.073 
0.057 
0.041 
0.003 


5 

-  0.017 

-  0.011 
+  0.002 
+ 


+  0.032 
-  0.110 
-  0.160 

-  0.258 

-  0.300 
-  0.300 

-  0.283 

-  0.135 

+  0.234 


+  2.090 

-  0.469 

-  0,592 

-  0.765 

-  0.707 

-  0.707 

-  0.540 

-  0.227 
+  0.291 


+  0.013 
-  0.232 
-  0.322 

-  0.496 

-  O..554 

-  0.554 

-  0.504 

-  0.260 
+  0.263 


+-:-2.089 
+  1.633 
+  1,442 
+  0.968 


+  0.032 
+  0.187 
+  0.249 
+  0.366 
+  0.381 
+  1.081 
+  0.983 
+  0.694 
+  0.233 


•f  2.090 
+  0.024 
+  0.086 
+  0.270 
♦  0.422 
+  1.123 
+  1.137 
+  0.871 
+  0.291 


+  0.013 
+  0.269 
+  0.369 
+  0.559 
+  0.597 
+  1.297 
+  1.193 
+  0.851 
+  0.265 


+  2.089 
+  2.497 
+  2.631 
+  2.783 

---  n  /r*i» 
r  c*u  it 

+  3.309 
+  2.811 
+  1.614 
+  0.323 
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Table  (continued) 


nozzle 

number 

’ll. 

*/r 

S(x)/R 

r+ 

cp 

CP 

0.  5 

0;808 

-  0.900 

-  0.036 

+  0.038 

+  0.038 

-  0.855 

-  0.031 

-  0.037 

+  0.124 

-  0.810 

-  0.027 

-  0.064 

+  0.160  i 

-  0.720 

-  0.019 

-  0.099 

+  0.209 

-  0.360 

+  0 

-  0.166 

+  0.305 

-  0 

+  0 

-  0.202 

+  0.312  1 

+  0 

0 

-  0.202 

+  1.012 

+  0.360 

-  0.026 

-  0.201 

+  0.911 

+  0.720 

-  0.085 

-  0.095 

+  0.633 

+  0.900 

-  0.129 

+  0.211 

+  0.211 

0,  6 

0.842 

-  0.900 

-  0.10? 

+  2.104 

+  2.104 

-  0.855 

-  0.094 

-  0.419 

-  0.116 

-  0.810 

-  0.082 

-  0.500 

-  0.077 

-  0.720 

-  0.061 

-  0.605 

-  0.023 

-  0.360 

-  0.007' 

-  *0.674 

+  0.216 

-  0 

+  0 

-  0.589 

+  0.381 

+  0 

0 

-  0.589 

+  1.082 

- 

+  0.360 

-  0.041 

-  0.443 

+  1.088 

+  0.720 

-  0.134 

-  0.067 

+  0.936 

+  0.900 

-  0.200 

+  0.557 

+  0.557 

B,  1 

0.801 

-  0.600 

+  0 • 060 

-  0.144 

-  0.144 

-  0.54-0 

+  0.052 

-  0.048 

-  0.265 

-  0.480 

+  0.044 

-  0.019 

-  0.318 

-  0.240 

+  0.019 

+  0.018 

-  0.439 

0 

+  0 

0 

—  0.499 

+  0 

0 

0 

+  0.500 

+  0.240 

-  0.019 

-  0.019 

+  0.441 

+  0.480 

-  0.044 

+  0.017 

+  0.318 

+  0.600 

-  0.059 

+  0.014 

+  0.144 

D.  2 

0.804 

HBB81 

.+  0.021 

.+  1.902 

.+  1.902 

-  0.540 

+  0.020 

-  0.400 

-  0.461 

-  0.480 

+  0.020 

-  0.438 

-  0.522 

-  0.240 

+  0.015 

-  0.466 

-  0.595 

0 

+  0 

-  0.382 

-  0.522 

+  0 

0 

-  0.381  ! 

+  0.479 

+  0.240 

-  0.026 

-  0.252 

+  0.536 

+  0.480 

"  0.068 

-  0.062 

+  0.454 

+  0.600 

-  0.095 

+  0.190 

+  0.190 

(Table  Az  (continued) 


nozzle 

number 


D,  3  0.801. 


D,  4  0.805 


D,  5  0.801 


D,  6  0.805 


-  0.300 
-  0.270 

-  0.240 

-  0.120 

0 

+  0 
+  0.120 
+  0.240 

+  0.300 


-  0.300 

-  0.270 

-  0.240 

-  0.120 

0 

+  0 
+  0.120 
+  0.240 

+  0.30b 


-  0.900 

-  0.855 

-  0.810 
-  0.720 
-  0.360 

0 

+  0 
+  0.360 
+  0.720 

+  0.900 


-  0.900 

/■>  f"*  f»- 

-  K)iO?7 

•  0.310 

-  0.720 

-  0.360 

0 

+  0 
+  0.360 
+  0.-720 
+  0.900 


S(x)/R 


+  0.044 
+  0.039 
+  0.034 
+  0.016 
+  0 
0 

-  0.016 

-  0.034 

-  0.044 


+  0.020 
+  0.018 
+  0.016 
+  0.010 
+  0 
0 

-  0.015 

-  0.039 

-  0.053 


-  0.179 

-  0.078 

-  0.045 
+  0.006 

0 

0 

-  0.006 
+  0.045 
+  0.178 


+  1.855 
+  1.842 
+  1.809 
+  1.623 
+  1.357 
+  1.351 
+  1.006 
+  0.400 
+  0.196 


-  0.179 

-  0.296 

-  0.344 

-  0.452 

-  0.500 
+  0.500 
+  0.453 
+  0.345 
+  0.178 


+  1.855 
+  1.785 
+  1.731 
+  1.503 
+  1.226 
+  2.221 
+  1.802 
+  0.921 
+  0.196 


+  0.067 

-  0.124 

-  0.124 

+  0.061 

-  0.054 

-  0.209 

+  0.057 

-  0.030 

-  0.247 

+  0.048 

-  0,003 

-  0.302  ■ 

+  0.019 

+  0.024 

-  0.432 

+  0 

0 

-  0.498 

0 

0 

+  0.501 

-  0.019 

-  0.026 

+  0.434 

-  ,0.047 

+  0.002 

+  0.303 

-  0.066 

+  0.123 

+  0.123 

+  0.004 

+  1.929 

+  1.929 

+  0*006 

--  G  .  45  7 

-  0.477 

+  0.008 

-  0.462 

-  0.919 

+  0.011 r 

-  0.500 

-  0.578 

+  0.013 

-  0.464 

-  0.583 

+  0 

-  0.367 

-  0.497 

0 

-  0.366 

+  0.504 

-  0.033 

-  0.249 

■+  0.549 

-  0.091 

+  0.040 

+  0.563 

-  0.129 

+  0.456 

+  0.456 
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Table  A-  (continued) 


nozzle 

number 

1911 

■Oil 

■9 

S(x)/R 

Cp 

CP 

E,  1 

0.738 

-  0.600 

+  0.031 

-  0.096 

-  0.0,96 

-  0.540 

+  0.029 

-  0.102 

-  0.101 

-  0.480 

+  0.027 

-  0.108 

-  0.107 

-  0.240 

+  0.017 

-  0.137 

-  0.134 

0 

+  0 

-  0.176 

-  0.173 

+  0 

0 

-  0.176 

+  1.026 

+  0.240 

-  0.029 

-  0.180 

+  0.922 

+  0.480 

-  0.079 

-  0.065 

+  0.656 

+  0.600 

-  0.112 

+  0.250 

+  0.250 

E,  2 

0.746 

-  0.600 

-  0.010 

+  1.954 

+  1.954 

-  0.540 

-  0.004 

-  0.456 

-  0.283 

-  0.480 

+  0.002 

-  0.530 

-  0.300 

-  0.240 

+  0.012 

-  0.627 

-  0.274 

0 

+  0 

-  0.563 

-  0.179 

+  0 

0 

-  0.563 

+  1.022 

+  0.240 

-  0.057 

-  0.420 

+  1.033 

+  0 • 480 

-  0.104 

-  0.148 

+  0.803 

+  0.600 

-  0.149 

+  0.300 

+  0.299 

E,  3 

0.737 

-  0.300 

+  0.022 

-  0.134 

-  0.134 

-  0.270 

+  0.021 

-  0.197 

-  0.077 

-  0.240 

+  0.020 

-  0.223 

-  0.058 

-  0.120 

+  0  •  0  *1  ^T* 

-  0.284 

-  0.031 

0 

+  0 

-  0.524 

-  0.043 

+  0 

0 

-  0.324 

+  1.152 

+  0.120 

-  0.024 

-  0.238 

+  1.055 

+  0 . 240 

-  0.061 

-  0.110 

+  0.769 

+  0 . 300 

-  0.085 

•5*  0.294 

+  0.294 

E,  4 

0.747 

-  0.300 

-  0.008 

+  1.911 

+  1.911 

-  0„270 

-  0.004 

+  1.709 

•1-  2.042 

«  a.  240  . 

0 

+  1.607 

+  2.066 

-  0.120 

+  0.007 

+  1.293 

+  1.993 

0 

+  0 

+  0.990 

+  1.754 

1 

+  0 

0 

+  0 « 984 

+  2;  948 

+  0.120 

-  0.024 

+  0.674 

+  2.474 

+  0.240 

-  0.063 

+  0.216 

+  1 . 394 

+  0 . 300 

-  0.098 

— 

+  0.523 

+  0 . 32  3 
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fable  Aj  (  continued  ) 


nozzle 

number 


E,  5  0.738 


Ef  6  0.7*7 


0.67* 


2  0.68* 


H 


.900 
.855 
.810 
.720 
-  0.360 
0 

+  0 
+  0.360 
♦  0.720 
+  0.900 


-  0.900 

-  0.855 

-  0.010 
-  0.720 
-  0.360 

0 

♦  0 
♦  0.360 
♦  0.720 
+  0.900 


-  0.600 

-  0.5*0 

-  0.480 

-  0.2*0 

-  0 

+  0 

♦  0.2*0 
+  0.480 
♦  0.600 


S(x)/R 


+  0.032 
+  0.031 
+  0.029 
+  0.027 

+  0  r016 
+  0 

•  0 

-  0.030 

-  0.087- 

-  0.127 


-  0.240 
0 

+  0 
+  0,240 
+  6.480 
+  0.600 


0.076 

0.06* 

0.061 

0.060 

0.078 

0.118 


-  0.138 
-  0.05* 
+  0.220 


033 
027 
021 
012 
+  0.009 
+  0 
0 

-  0.0*5 

-  0.132 
-  0.192 


+  0.013 
+  0.016 
+  Q.017 
+  0.016 
+  0 
0 

-  0.038 

-  0.106 
-  0.153 


-  0.028 

-  0.017 

-  n.nnA 


+  0.011  - 


”  — ✓  '<  v 


0 

0 

0.0*5 

0.132 

0.191 


.069 
.1*3 
.173 
.2*6 
-  0.301 
-  0.301 
-  0.296 
-  0.123 
+  0.33* 


+  1.981 

-  0.498 


-  0.738 

-  0.691 

-  0.691 

-  0.539 

-  0.207 
+  0.385 


.076 

.093 

.102 

.117 

.165 

.213 

.987 

.875 

.609 

.220 


+  1.981 

-  0.355 

-  0.365 

-  0.382 

-  0.300 

-  0.19* 
+  1.006 
+  1.005 
+  0.879 
+  0.507 


-  0.069 
+  0 
+  0.026 
+  0.059 
4  0.031 

1.*31 
•;  1.291 
+  0.916 
+  0*33* 


+  1.981 
-  0.182 

—  Qs-362' 

-  6.075 
+  0.033 
+  1.*33 
+  1.408 
+  1.068 
+  0.-38* 


Table  Aj  (continued) 


nozzle 

number  "i0 


F*  3  0.673 


F,  4  0.685 


F,  5  0.675 


+  0.120 
+  0.240 
+  0.300 


-  0.300 
-  0.270 

-  0.240 

-  0.120 

0 

+  0 
+  0.120 
+  0.240 

+  0*300 


S(*!4 


+  0.008 
+  0.011 
+  0.013 
+  0.013 
+  0 
0 

-  0.031 

-  0.082 
-  0.116 


-  0.023 

-  0.016 

-  0.009 
+  0.006 
+  0 

0 

-  0.031 

-  0.091 

-  0.131 


+  0.011 
+  0.012 
+  0.013 
+  0.015 
+  0.014 
+  0 
0 

-  0.040 

-  0.118 
-  0.175 


-  0.900 

-  0.855 

-  0.810 

-  O.720 

-  0.360 

0 

4  0 

+  0 • 360 
+  0.720 
+  0.900 


-  0.113 

-  0.287 

-  0.353 

-  0.491 

-  0.554 

-  0.555 

-  0.508 
-  0.229 
+  0.387 


+  1.937 
1.613 
+  1.468 
+  1.069 
+  0.740 
+  0.735 
+  0.448 

♦  0.094 

♦  0.421 


049 
074 
085 
,101 
149 
202 
-  0.203 

-  0.219 

-  0.094 
+  0.297 


+  2.009 

-  0.457 

-  0.519 

-  0.601 

-  0.644 

-  0.576 

-  0.576 

-  0.449 

-  0.059 
+  0.635 


-  0.113 
+  0.062 
+  0.128 
+  0.243 
+  0.247 
+  1.646 
+  1.510 
+  1.092 
+  0.287 


♦  3.474 
+  2.958 
+  1.737 

♦  0.421 


-  0.049 

-  0.023 

-  0.013 

-  0.002 
+  0.002 
-  0.037 
♦  1.363 
+  1.215 
+  0.845 
+  0.297 


+  2.009 

-  0.231 

-  0.272 

-  0.262 
-  0.127 

r-  0.012 

«•  1.389 
♦  1.351 
+  1.120 
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